Immunoelectron microscopy with gold-labelled antibodies showed that homologous capsid proteins or virions are associated with cylindrical inclusions of wheat streak mosaic virus and of wheat spindle streak mosaic virus in vivo. Capsid proteins did not bind to any other structure in the cell. The specific association of capsid proteins with cylindrical inclusions is discussed in relation to cell-to-cell spread of virions through plasmodesmata.
INTRODUCTION
Wheat streak mosaic virus (WSMV) has filamentous particles 700 nm long and causes a serious disease of wheat. It is spread by an eriophyid mite, Aceria tulipae Keifer, in North America and France (Slykhuis, 1953; Poinso et al., 1981) but by Aceria tosichella Keifer in Yugoslavia (Tosic, 1973) . Wheat spindle streak mosaic virus (WSSMV) also has filamentous particles, which are from 200 to 2000 nm long (Haufler & Fulbright, 1983) . It is transmitted by Polymyxagraminis Led. (Slykhuis, 1976) and is serologically related to wheat yellow mosaic virus (WYMV) which has infective particles 600 nm long (Usugi & Saito, 1979) . Another virus of the WYMV group is barley yellow mosaic virus (BaYMV) (Hibino et al., 1981) . Much is known of the epidemiology of the diseases, but less is known about the interactions between WSSMV or WSMV and their host. Several ultrastructural studies have been made on the appearance of WSMV and WSSMV (Lee, 1965; Shepard & Carroll, 1967; Hooper & Wiese, 1972; Langenberg & Schroeder, 1972 , 1973 Mernaugh et al., 1980; McMullen & Gardner, 1980; Hibino et al., 1981) .
It has become clear that proteins of potyvirus inclusions are encoded by the viral genome (Dougherty & Hiebert, 1980a, b) and, therefore, may play a crucial role in the viral infection and multiplication processes. Several suggestions have been made as to the role of inclusions, for example that they delay cell-to-cell spread (Andrews & Shalla, 1974) or act as a reservoir of coat protein in a form that requires processing (Matthews, 1981) . During an immunological study of the early events in WSMV infection of wheat cells, another possible role for cylindrical inclusions became apparent. This was that they align virions with plasmodesmata and thereby assist in transporting the virus to neighbouring cells. The object of the research described in this report was to test this hypothesis.
METHODS

Hosts and viruses.
Wheal plants (Triticum aestivum L. var. Centurk or Michigan Amber) were manually inoculated with the type strain of WSMV (ATCC PV No. 29) or a local Nebraska isolate of WSSMV (courtesy of M. K. Brakke). Plants were maintained in steam-pasteurized soil in clay pots in a greenhouse kept at 20 to 28 °C (WSMV) or a growth chamber kept at 15 °C (WSSMV). Leaf tissue samples were taken from plants kept dark overnight; root tips were sampled from between 4 clays and several months after inoculation.
Electron microscopy. Tissue pieces were vacuum-infiltrated with 0.1 M-K2HPO4, pH adjusted to 7.2 with citric acid, chilled for 2 to 4 h at 4°C and then fixed by replacing buffer with chilled buffer containing 2.5~ 0000-7048 glutaraldehyde (Langenberg, 1979) . No OsO, post-fixation was used and therefore membranes were not visible. Osmium tetroxide was not used because it severely affects the antigenicity of some proteins (Roth et al., 1981) and because it would have interfered with u.v. polymerization of the methaerylate-based resins. Tissue was dehydrated in cold methanol or acetone and embedded in Lowicryl HM20, London Resin Gold or White, or Araldite 502 resins (Polysciences, Warrington, Pa., U.S.A.). Resins were polymerized by irradiation with u.v. at -20 °C for 2 h and then at room temperature for 48 h. All tissues were flat-embedded between sheets of Gelbond (FMC Corporation, Rockland, Me., U.S.A.) as previously described (Lin & Langenberg, 1984) .
Immunoelectron microscopy. Antiserum to WSMV was prepared in 1966 against WSMV purified by differential and density gradient centrifugation (Brakke & Ball, 1968) . Antiserum to the presumed cylindrical inclusion protein of WSMV (66K) was received from M. K. Brakke. The 66K protein is not serologically related to WSMV virions (Brakke et al., 1984) . Antisera to WSSMV and barley yellow mosaic virus (BaYMV-J) were received from K. Zagula Haufler, Michigan State University, East Lansing, Mich., U.S.A. and T. Usugi, Tsukuba Science City, Yatabe, Japan respectively. Ultrathin sections were used without etching with alcoholic NaOH except those of Araldite 502 for which etching greatly improved labelling with IgG. All antisera were absorbed with sap from healthy wheat or barley plants and used at dilutions of 1/300 in 1% normal goat serum in 0.1 M-K2HPO4, pH adjusted to 7.2 with citric acid, containing 0.05% NAN3. Immunostaining was followed by treatment with goat anti-rabbit lgG--colloidal gold according to the two-step method (Lin & Langenberg, 1983 ) except that the goat anti-rabbit IgG used in the preparation of colloidal gold-IgG was purchased from U.S. Biochemicals. Sections were stained with uranyl acetate and lead citrate and viewed in a Zeiss EM10A at 60 kV.
RESULTS
WSMV
It was necessary to use root tips to study the first appearance of structures recognizable as cylindrical inclusions or pinwheels. Meristematic points in the shoots of growing wheat plants were too large and islands of WSMV-infected cells were too far apart for a series of cells to be followed from first infection to later stages. Infected roots were identified by leaf-dip assay for virions. In six experiments only 2/14, 0/13, 0/6, 0/12, 4/18 or 3/15 root tips were infected. Sequential sections from the root tip back provided a series of stages in the development of the virus infection.
Cylindrical inclusions were always first observed attached perpendicularly to the walls of cells adjoining infected cells before WSMV virions were seen. The inclusions could be labelled with antibodies to WSMV and thus they had WSMV capsid protein or virus attached to them ( Fig. 1,  2) . Although the number of gold particles (i.e. positive label) over cylindrical inclusions was not large at this early stage of infection ( Fig. 1 ), these were the major area of specific antibody label. No other area of the rest of either cell shown was labelled. A low magnification micrograph is included here to show the earliest indication of capsid protein attachment to more than just a few cylindrical inclusions at one time (Fig. 1) . A higher magnification shows the colloidal gold particles more clearly (Fig. 2) but shows fewer cylindrical inclusions. Plasmodesmata were poorly or not visible because no OsO4 post-fixation was used. Virus, when present in plasmodesmata and accessible to antibodies, would also label with immunogold (Fig. 2) . However, this has only been observed twice.
Cylindrical inclusions did not form perpendicular to the outer cuticle, but only on cell walls shared with other cells. Nuclei labelled lightly for WSMV antigen at this stage (Fig. 1) . At a later stage when large clusters of virus particles were present, cylindrical inclusions still labelled for WSMV even when free in the cytoplasm (Fig. 3) . As a control to show that the labelling was specific and not an artefact caused by IgG binding to the cylindrical inclusions, serial sections were immunolabelled with antibody to WSSMV (Fig. 4) . No label was evident other than in a very light background.
Large numbers of ribosomes and dense cytoplasm were normal features in cells chilled before glutaraldehyde fixation (Fig. 3, 4) and were not related to virus infection. Other sections were stained with antibody to the 66K protein, showing that this protein was present in structures identified as cylindrical inclusions in Fig. 1 to 4 (Fig. 5) . At a later stage of infection when numerous pinwheels were present, almost no WSMV antigen remained attached to pinwheels or scrolls (Fig. 6) . 
W S S M V
In contrast to the results with WSMV, cylindrical inclusions of WSSMV retained WSSMV antigen even when pinwheels had developed. Fig. 7 shows specific labelling of cylindrical inclusions and a pinwheel after treatment with antibody to WSSMV. None of the cylindrical inclusions or pinwheels became labelled after treatment with antibody to W S M V (not shown). Attachment of antibody to WSSMV cylindrical inclusions was thus also specific. Other 6 . Wheat leaf cell with many pinwheels (PW) and WSMV inclusion (arrowed), labelled with antibody to WSMV virions. The pinwheels in older infected cells do not, or only very lightly, label for WSMV antigen. NU, Nucleus; ER, endoplasmic reticulum. Bar marker represents 500 nm.
inclusions induced by WSSMV, the 'coat of mail' inclusions (Huth et al., 1984) , were not labelled after treatment with antibody to WSSMV. Labelling with antibody to BaYMV, which is related to WSSMV, also resulted in a positive reaction over pinwheels of WSSMV (Fig. 8) .
For both W S M V and WSSMV, only virus inclusions and cylindrical inclusions were positive w . G . LANGENBERG Fig. 7 . Cylindrical inclusions (CI) ancl pinwheels in WSSMV-infected leaf tissue show positive immunolabelling for WSSMV antigen. CW, Cell wall. Bar marker represents 1000 nm. Fig. 8 . WSSMV-infected wheat leaf cell pinwheel (PW) inclusions also label with antibody to BaYMV, a virus related to WSSMV. The labelling reaffirms the precise location of WSSMV antigen on pinwheels with the colloidal gold immunostaining procedure. Bar marker represents 500 nm.
for the respective antigens. There was no specific labelling of cytoplasm, chloroplasts, mitochondria or cell walls. Some nuclei were labelled with WSMV antiserum, but only early in infection and before virions could be identified. Pinwheels of WSSMV were larger and more open-armed than those of WSMV. Wheat viruses. capsid proteins and inclusions 1167
DISCUSSION
The following theory is offered in an attempt to rationalize the coating of cylindrical inclusions with homologous capsid protein (this report) and their close relation to plasmodesmata (Lawson & Hearon, 1971 ; M cMullen & Gardner, 1980; Weintraub et al., 1976) .
Given the relatively low number of plasmodesmata, the probability that elongated virions, in the absence of cylindrical inclusions, would properly align with and be propelled passively through plasmodesmata seems small indeed. In fact, rather large numbers of potyvirus virions have been reported in plasmodesmata (McMullen & Gardner, 1980; Weintraub et al., 1974 Weintraub et al., , 1976 . It would be difficuit to explain how such an amount of virus ends up in piasmodesmata by chance alone. An active process must be involved. Alignment of virions by the cylindrical inclusions might provide an active mechanism of transport. It is not known if cylindrical inclusions themselves are contractile or if the propelling force is provided by cytoplasmic streaming.
Plant viruses shorter or longer than those in the potyvirus group do not induce cylindrical inclusions but often occur in very large numbers intracellularly. Such viruses could spread from cell to cell through plasmodesmata by chance passage.
The tendency for viruses to aggregate to self components (Langenberg, 1979 (Langenberg, , 1982 and not to cell constituents, would promote virion-cylindrical inclusion bond formation. Positively charged amino acid residues in the capsid proteins of RNA viruses are thought to be involved in binding to RNA and encapsidation (see Matthews, 1981) . The same process could account for WSMV and WSSMV capsid proteins binding to cylindrical inclusions if nucleotide residues were present. For such binding to occur, the nucleotide sequences on the cylindrical inclusions would have to be only similar to sequences in viral RNA. The intense staining of cylindrical inclusions, and not other cellular proteins, by uranyl acetate is a likely indication of the presence of phosphate groups. It remains to be shown that nucleotides are indeed present on cylindrical inclusions.
Cylindrical inclusions are not always and only associated with and over plasmodesmata from their inception. Large aggregates of cylindrical inclusions can be found in the cytoplasm of potyvirus-infected cells. Cylindrical inclusions aligned perpendicular to cell walls would be at right angles to the cytoplasmic stream and could easily be dislodged by cytoplasmic streaming, which can be vigorous. It is not surprising, therefore, that potato virus Y has been reported in plasmodesmata to which no cylindrical inclusions were attached (Weintraub et al., 1974) .
In newly infected cells, cylindrical inclusions can be found on both sides of cell walls (Fig. 1 ). Cylindrical inclusions are initially formed and deposited over plasmodesmata (Lawson & Hearon, 1971) . In newly infected cells cylindrical inclusions would presumably be formed over all plasmodesmata of the cell, including the one through which the virus entered.
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